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Abstract—The hydraulic resistance R across osteochondral
tissue, especially articular cartilage, decreases with degener-
ation and erosion. Clinically useful measures to quantify and
diagnose the extent of cartilage degeneration and efﬁcacy of
repair strategies, especially with regard to pressure mainte-
nance, are still developing. The hypothesis of this study was
that hydraulic resistance provides a quantitative measure of
osteochondral tissue that could be used to evaluate the state
of cartilage damage and repair. The aims were to (1) develop
a device to measure R in an arthroscopic setting, (2)
determine whether the device could detect differences in
R for cartilage, an osteochondral defect, and cartilage treated
using a hydrogel ex vivo, and (3) determine how quickly such
differences could be discerned. The apparent hydraulic
resistance of defect samples was ~35% less than intact
cartilage controls, while the resistance of hydrogel-ﬁlled
groups was not statistically different than controls, suggest-
ing some restoration of ﬂuid pressurization in the defect
region by the hydrogel. Differences in hydraulic resistance
between control and defect groups were apparent after 4 s.
The results indicate that the measurement of R is feasible for
rapid and quantitative functional assessment of the extent of
osteochondral defects and repair. The arthroscopic compat-
ibility of the device demonstrates the potential for this
measurement to be made in a clinical setting.
Keywords—Hydraulic resistance, Arthroscopic device,
Osteochondral defect, Hydrogel.
INTRODUCTION
Articular cartilage is a load-bearing connective tis-
sue at the ends of long bones in synovial joints that
facilitates low-friction, low-wear joint articulation. The
load-bearing ability of cartilage is dependent on the
presence of a large aggregating proteoglycan, aggre-
can, in the matrix.
4 Aggrecan is highly negatively
charged due to its numerous sulfated glycosaminogly-
can (GAG) side chains, and the charge density of these
sulfated GAG moieties creates a swelling pressure in
the interstitial ﬂuid of cartilage that resists compres-
sion.
18 The permeability, or ease of ﬂuid ﬂow through
cartilage, is inversely related to the tissue charge den-
sity,
17 and is low in normal tissue,
6 which is essential
for ﬂuid pressurization. Interstitial ﬂuid pressurization
supports most of the load that cartilage receives,
shielding the solid matrix from excessive strain.
26
While permeability has traditionally been reported
for individual materials, such as articular cartilage,
related variables such as hydraulic resistance are nee-
ded to describe complex multi-tissue structures. Per-
meability, or speciﬁc permeability, typically refers to
the constant K in Darcy’s empirical law.
15,27 Hydraulic
resistance R is similar, though inversely related to
permeability
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with viscosity l, ﬂow rate Q, ﬂuid path-length L,
pressure P, and cross-sectional area A. Less speciﬁc
forms of permeability have been deﬁned, including
hydraulic permeability kp or hydraulic conductivity K¢,
and hydraulic conductance c. The use of the less speciﬁc
deﬁnitions, c or R, is appropriate when multi-tissue
structures are used, such as osteochondral tissue,
13 as
K and kp are typically deﬁned for individual materials.
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1306The hydraulic resistance across osteochondral tis-
sue, especially articular cartilage, decreases with
degeneration and erosion. Progressive degeneration
and erosion of articular cartilage that can occur with
osteoarthritis (OA) has been correlated with decreased
hydraulic resistance.
1 In addition, focal defects, which
are commonly observed in the knees of symptomatic
patients during arthroscopy,
8,12 are discrete areas of
cartilage erosion that also likely have reduced
hydraulic resistance. Differences in the hydraulic
resistance of osteochondral tissue with normal, par-
tially, and fully eroded cartilage have also been
reported.
13 Such decreases in hydraulic resistance will
diminish the ability of cartilage to maintain ﬂuid
pressurization, leading to larger strains on the cartilage
matrix and likely to further degeneration.
18,30,31
Diﬀerent repair strategies for cartilage defects are
being investigated, though only a limited number
address the need for immediate restoration of intersti-
tial ﬂuid pressurization. Defect repair strategies include
arthroscopic procedures, such as microfracture
25; soft
tissue grafts
5; osteochondral grafts of autogenic
11 or
allogenic source material
9; cell transplantation with or
without a scaffold, including autologous cell implan-
tation
3 and mesenchymal stem cells; and synthetic and
natural scaffolds. Interstitial ﬂuid pressurization, and
load-bearing capacity, is typically restored with the
osteochondral graft techniques, and for certain scaf-
fold implants, such as high concentration formulations
of poly-(ethylene glycol) with high stiffness (similar to
cartilage stiffness) and low permeability,
16,23 while
most cell-based techniques make use of a scaffold that
is initially less stiff than normal cartilage.
Clinically useful measures to diagnose the extent of
cartilage degeneration and eﬃcacy of repair strategies
are limited, especially with regard to pressure mainte-
nance. Imaging modalities have typically been used to
diagnose cartilage degeneration and defects, including
plain ﬁlm X-ray attenuation, magnetic resonance
imaging (MRI), computed tomography (CT), and
visual observation during arthroscopy. Though these
methods alone have limited quantitative ability,
contrast-enhanced MRI, used clinically,
14 and CT,
used in small animal models,
22,32 can allow for the
determination of spatial maps of charge density in
cartilage, an indirect measure of hydraulic resistance,
though the resolution of MRI techniques widely
available clinically lags behind what is reported in
academia. Cartilage degeneration detection using
optical coherence tomography has also recently been
reported.
7 Arthroscopic instruments for the determi-
nation of stress–strain behavior or electrical imped-
ance, from which hydraulic resistance could be
inferred, have been suggested,
2,21,28 but are not yet in
clinical practice in the United States. A device allowing
the direct perfusion-based measurement of hydraulic
resistance in an arthroscopic setting has not yet been
described.
Thus, the hypothesis of this study was that
hydraulic resistance provides a quantitative measure of
osteochondral tissue that could be used to evaluate the
state of cartilage damage and treatment. The aims were
to (1) develop a device to assess hydraulic resistance in
an arthroscopic setting, (2) determine whether the
device could detect diﬀerences in hydraulic resistance
for cartilage, an osteochondral defect, and a defect
treated with a low permeability hydrogel, and (3) deter-
mine how quickly such diﬀerences could be discerned.
METHODS
Study Design
An arthroscopic probe was used to measure the
hydraulic resistance of osteochondral tissue ex vivo.
Ten osteochondral blocks were harvested from the
medial and lateral femoral condyles of ﬁve adult
bovine knees, with 1 block per condyle. Samples were
wrapped in gauze soaked with PBS with protease
inhibitors (PBS + PI: 1 mM phenylmethanesulfonyl
ﬂuoride, 2 mM disodium ethylenediamine tetraacetate,
5 mM benzamidine-HCl, and 10 mM N-ethylmalei-
mide) and stored at 220  C until testing. The
hydraulic resistance of each block was tested in a single
location on the load-bearing, posterior face of the
condyle on (1) intact cartilage, (2) after drilling an
osteochondral defect, and (3) after ﬁlling the defect
with a photopolymerized hydrogel.
Arthroscopic Probe Device Design and Testing
A prototype for a potentially arthroscopically
deliverable probe tip that sealed against normal carti-
lage or the cartilage surface surrounding a defect to
allow the measurement of hydraulic resistance was
fabricated and calibrated. The probe consisted of a
cylindrical silicone rubber cap (8 mm height by 15 mm
inner diameter by 1.4 mm thick) glued on a ﬂat silicone
rubber donut (18 mm outer, 10 mm inner diameter by
1.0 mm thick) with a silicone rubber disc (23 mm
diameter by 2.0 mm thick) glued to the closed end. A
3-mm diameter hole was punched in the side of the
cap, and a stainless steel tube (4.5 mm outer diameter
by 0.13 mm thick) adhered inside silicone tubing
(3.8 mm inner diameter by 1.0 mm thick) was secured
to this hole, creating a single compartment space
(Fig. 1). The range of pressures the probe could with-
stand without collapse was tested against intact carti-
lage, and the probe dimensions were tested by passing
it through an 8-mm diameter stainless steel tube to
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diameter range of 4.5–8 mm).
Using this device, R was measured. A perfusion
apparatus consisting of a syringe pump and pressure
transducer was assembled and calibrated. A 20-mL
plastic syringe was ﬁlled with phosphate buffered sal-
ine (PBS) and placed in a syringe pump (Harvard PHD
2000; Harvard Apparatus, Holliston, MA). The syr-
inge was connected to the stainless steel tube of the
probe device and to a pressure sensor (DP15 Low
Pressure Sensor; Validyne Engineering, Northridge,
CA) using stiff tubing. The pressure sensor was cali-
brated to conﬁrm linearity between 0 and 344 kPa.
The hydraulic resistance of each sample with intact
cartilage, after creation of a defect and after hydrogel
polymerization, was measured using the device and
setup described. The tissue blocks and device were
submerged in a bath of PBS. The device was placed
against the sample surface, held in place with a clamp,
a weight (~0.5 N normal force) was placed on top of
the probe tip, and the pressure was recorded for 20 s
without ﬂow, and then for 40 s after the ﬂow was
initiated at a rate of 167 mm
3 s
21. Once the ﬂow was
initiated, the negative pressure generated inside the
probe tip was sufﬁcient to maintain the probe position
against the sample surface, and the normal force was
removed. After testing the intact samples, 10 mm
diameter by 4 mm deep defects were created through
the cartilage and into the subchondral bone, though
not into the cancellous bone, using a drill press while
irrigating with PBS, and retested. The device was
placed directly over the defect, enclosing it within the
probe tip such that the outer edge of the probe tip was
completely surrounding the defect site and the inner
edge was within the defect region. Finally, the defects
were ﬁlled with poly-(ethylene glycol) diacrylate
hydrogel (30% w/v, Synthasome Inc, La Jolla, CA)
23
that was adhered to the surrounding articular cartilage
and bone by tissue initiated photopolymerization
29
using an A4000 series UV light source (EXFO,
Mississauga, Canada), and samples retested. Each
sample was tested three times in each condition. The
hydraulic permeability of 3 mm thick samples of
hydrogel was assessed in vitro by direct perfusion as
3.4 ± 0.8 9 10
214 [m
2 Pa
21 s
21]( n = 3), slightly more
permeable than the range of 1 9 10
216 to 2 9 10
215
[m
2 Pa
21 s
21] reported for cartilage,
17,19,20 and much
less permeable than subchondral bone ~1 9 10
210
[m
2 Pa
21 s
21].
13
Data Reduction and Curve Fitting
Experimental data were reduced and ﬁt to a model
equation to determine the hydraulic resistance and
compliance parameters. For each trial, pressure values
were normalized to the average pressure recorded over
5 s before initiation of ﬂow. The zero time point was
set as the point where the pressure increased over 3
standard deviations from the baseline average. The
three trials for each condition of pressure vs. time data
were averaged at each time point. The experimental
setup was modeled as a parallel RC lumped parameter
circuit with a current source (Fig. 2), assuming the
hydraulic resistance through the sample was the
dominant resistance R [kPa s mm
23], the total system
compliance C [mm
3 kPa
21], ﬂow rate Q [mm
3 s
21],
pressure P [kPa], and time t [s]. Averaged P vs. time
data sets were ﬁt to the solution equation
 P ðÞ ¼ QR 1   exp  
t
R   C
hi   
ð5Þ
to estimate R for each trial and a single, global C value
using an ordinary least square error nonlinear regres-
sion (Excel 2003, Microsoft Corporation, Redmond,
WA).
Statistical Analysis
Data are presented as mean ± SEM for n = 10
samples. A 2-way repeated measures ANOVA was
used to determine the effects of tissue condition (intact,
defect, hydrogel) and time (t = 1, 2, 4, 8, 16, 32 s) on
measured pressure. A 1-way ANOVA was used to
determine the ﬁxed effect of condition (intact, defect,
hydrogel) on hydraulic resistance. When signiﬁcant
FIGURE 1. Schematic representation of the arthroscopic
probe device in an isometric view from the top and bottom.
MCCARTY et al. 1308effects were determined, p<0.05, differences between
groups were assessed with Tukey post hoc tests.
RESULTS
The arthroscopic probe device sealed against the
cartilage surface upon initiation of ﬂow and the
resulting pressures were measured for samples with
intact cartilage, defects, and hydrogel-ﬁlled defects.
The device was able to seal against the cartilage surface
and maintain pressures over 344 kPa. The lateral walls
and top of the cylindrical silicone rubber cap deformed
for ~5 s with increasing pressure, resulting in an
approximately 15% decrease in cap volume before
stabilization.
The pressure vs. time data revealed diﬀerences
between the pressure responses from samples with
intact cartilage, defects, and hydrogel-ﬁlled defects.
Pressure varied with cartilage condition (intact, defect,
or hydrogel; p<0.001) and time after initiation of ﬂow
(p<0.0001), with an interaction effect (p<0.0001).
Differences in pressure between the intact and defect
groups were signiﬁcant at all times from 4 to 32 s
(p<0.0001–0.05; Fig. 3). The pressure response from
the hydrogel-ﬁlled defects was not statistically different
than the unﬁlled defects at 4 and 8 s, but was different
than the unﬁlled defects, and not different than the
intact cartilage, at 16 and 32 s.
The best-ﬁt parameters for hydraulic resistance also
showed diﬀerences between the intact cartilage,
defects, and hydrogel-ﬁlled defects. R varied signiﬁ-
cantly with cartilage condition (p<0.00001, Fig. 4),
with the best-ﬁt value for system compliance of
26.4 mm
3 kPa
21. On average, Rdefect values were 35%
less than Rcartilage values (p<0.0001) and 31% less
than Rgel values (p<0.001), while Rgel values were not
signiﬁcantly different than Rcartilage values (p = 0.75).
DISCUSSION
The results indicate that the measurement of
hydraulic resistance is feasible for rapid and quanti-
tative functional assessment of osteochondral defects
and treatments. The magnitude of pressure generated
against the samples with an intact cartilage surface was
signiﬁcantly higher than that generated against the
samples with an osteochondral defect (Fig. 3), indi-
cating a loss of hydraulic resistance (Fig. 4) that was
apparent after a few seconds. The application of the
hydrogel to the defects increased the magnitude of
pressure generated compared to the defect samples at
longer times (Fig. 3), while the hydraulic resistance
value was increased to levels similar to those measured
for intact cartilage (Fig. 4).
FIGURE 2. The experimental setup was modeled as a paral-
lel RC lumped parameter circuit with hydraulic resistance R,
the total system compliance C, ﬂow rate Q, and pressure P.
FIGURE 3. Pressure vs. time curves for intact cartilage,
osteochondral defects, and defects ﬁlled with hydrogel,
n 5 10. Triangle and square markers indicate the 1, 2, 4, 8, 16,
and 32 s time points that were analyzed. * p<0.05 difference
between groups above and below the asterisk.
FIGURE 4. Best-ﬁt values of resistance R at a compliance
C of 26.4 mm
3 kPa
21 for intact cartilage, osteochondral
defects, and defects ﬁlled with hydrogel, n 5 10. ** p<0.001,
*** p<0.0001.
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between conditions are a proof of concept using a
prototype device for the idea of an arthroscopic probe
to quantify local regions of cartilage degeneration and
abnormal ﬂuid communication between the intraar-
ticular space and bone. The defects created were
severe, such as could be found in intra-articular frac-
tures or signiﬁcantly advanced OA with wear of the
subchondral bone, where the defects are visible.
Additional experiments could be performed to deter-
mine whether ﬁner diﬀerences in hydraulic resistance
can be assessed, such as in normal osteochondral tissue
depleted of GAG and osteoarthritic tissue with sites of
grade II or III degeneration (Modiﬁed Outterbridge
Scale), using the current device, or after varying device
design parameters to increase the resolution.
The ability of the device to resolve ﬁner diﬀerences,
including cartilage ﬁbrillation or partial- or full-thick-
ness erosion, on a reasonable time-scale depends on
several device and setup properties, including stiﬀness
of the probe material and volume of the chamber. The
system compliance and sample resistance determine the
sensitivity of the probe and time constant, and, along
with the ﬂow rate, the pressure magnitudes obtained. A
lower system compliance would increase the sensitivity
of the device, as a smaller deformation of the stiﬀer
probe tip would increases the ﬂuid pressure generated.
In addition, the increase in ﬂuid ﬂow due to degenerate
or eroded cartilage compared to healthy cartilage may
be masked by ﬂow associated with the system compli-
ance. The current compliance of ~26 mm
3 kPa
21 could
be signiﬁcantly reduced by increasing the stiffness of
the probe material and decreasing the probe chamber
volume, as well as by reducing any compliance in the
pressure sensor and syringe, increasing the sensitivity of
the device. Thus, additional work could be done to
increase the sensitivity of the device and to characterize
the ability of the probe to reveal partial defects.
The hydraulic resistance values measured here are
apparent values for osteochondral tissue that could be
usefultodeterminetheextentofcartilageerosion.While
the values of hydraulic resistance measured using this
device are several orders of magnitude less than those
that could be calculated for articular cartilage alone
based on previously reported hydraulic permeability
values from direct perfusion measurements,
17,19,20 the
comparison between intact and damaged cartilage,
including assessing whether a ﬂuidic short circuit
through intact cartilage or any defect treatment implant
exists, is the intended purpose of the device. Determin-
ing a resistance value similar to cartilage indicates that
there is some ﬂuid pressurization in the defect area and
that there is minimal abnormal ﬂuid ﬂow in that region
between the intraarticular space and the bone. Direct
perfusion experiments to determine the hydraulic
permeability of cartilage are technically difﬁcult,
requiring tens of hours for ﬂuid pressurization before
running time and controls for tissue deformation with
pressure among other challenges, making their clinical
utility limited. By determining the apparent hydraulic
resistance, this device and measurement procedure were
able to determine differences between intact cartilage
and defects in tens of seconds, instead of hours.
The arthroscopic compatibility of the device design
and short time constant demonstrate the potential for
this measurement to be made in a clinically useful
setting. The design of the actual instrument for this
purpose, instead of the prototype described here,
would need to have a method for ensuring no portion
of the device could detach and become a loose body in
the joint and would be tested using standard arthro-
scopic tools The device materials were chosen such that
the cap portion could be temporarily deformed to pass
through a standard arthroscopy cannula with an 8-mm
inner diameter, allowing for its use in an arthroscopic
setting. The time constant s
s ¼ R   C ð6Þ
is a reasonable estimate of the time over which pressure
would need to be collected in order to have data cov-
ering a signiﬁcant portion of the pressure curve. The
time constants for determination of the pressure curve
averaged 14.1 ± 0.8 s for intact cartilage, 9.2 ± 0.7 s
for cartilage with a defect, and 13.4 ± 0.3 s for a defect
ﬁlled with hydrogel. Obtaining data beyond the initial
few seconds, at which point absolute diﬀerences in
pressure were already signiﬁcantly diﬀerent between
intact and defect samples (Fig. 3), is necessary to ﬁt the
data to the model equation, as the initial slope at t = 0
is independent of R, as shown by taking the derivative
of Eq. (5) with respect to time
d  P ðÞ
dt
       
t¼0
¼
Q
C
ð7Þ
With only approximately 20 s necessary for data col-
lection (~5 s of no ﬂow and ~15 s with ﬂow), and
negative pressure holding the device in place after a
brief push, the time that would be added to an
arthroscopic surgery to obtain a quantitative mea-
surement of damage to a local region of cartilage is a
reasonable tradeoﬀ.
The increased hydraulic resistance following appli-
cation of the hydrogel suggests there was some restora-
tion of ﬂuid pressurization function at the defect area.
Theshapeofthepressurecurveforthehydrogelsamples
suggests that there is more compliance in the hydrogel
than in cartilage, as the pressures generated were dif-
ferent in magnitude from intact samples and similar to
the defect samples up until 8 s (Fig. 3). After that time,
MCCARTY et al. 1310thepressurestransitionedtobecomesimilartotheintact
samples, with signiﬁcantly higher hydraulic resistance
than the defect samples, indicating that some hydraulic
resistance had been restored to the defect. Cartilage
repair strategies that restore the ﬂuid pressurization,
such as the high concentration formulation of photo-
polymerized PEG hydrogel with high stiffness and low
permeability used here, have the advantage of allowing
the load-bearing functions of the tissue to resume, while
reducing the exaggerated loads on the surrounding
tissue that occur with regions of low stiffness.
Further experimentation could be performed to
determine the eﬀects of the negative pressure that is
generated on the cartilage and bone. Articular cartilage
normally experiences ﬂuid pressurization during load-
ing, with estimates of physiological magnitudes of
pressure up to 20 MPa,
24 depending on joint, type of
activity, body weight, and location, among other fac-
tors, which is about 50 times higher than the pressures
used here. Positive hydrostatic pressures of 2.5 MPa
applied for 20 s stimulate matrix synthetic rates of
chondrocytes,
10 indicating that even short procedures
may affect chondrocyte metabolism, though negative
pressures may have different effects than hydrostatic
pressure. Investigating whether chondrocyte viability is
altered by the portion of the device that seals to the
cartilage surface would also be important.
The results of this study demonstrate the potential
use of measuring hydraulic resistance as a diagnostic
tool and describe a practical device that could be used
to make such measurements. While this data provide a
proof of principle, additional work determining how
ﬁne of degradative changes can be discerned and
characterizing the eﬀects of a similar procedure on
bone and cartilage in vivo could be performed. Such a
device allows for a quantitative assessment of the ﬂuid
pressurization ability of articular cartilage that can be
used in the arthroscopic setting to complement and
extend current diagnostic tools.
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